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Abstract
Vertically, carbon nanotube (CNT) arrays were successfully fabricated on hexagon patterned Si substrates through
radio frequency plasma-enhanced chemical vapor deposition using gas mixtures of acetylene (C2H2) and hydrogen
(H2) with Fe/Al2O3 catalysts. The CNTs were found to be graphitized with multi-walled structures. Different H2/C2H2
gas flow rate ratio was used to investigate the effect on CNT growth, and the field emission properties were
optimized. The CNT emitters exhibited excellent field emission performance (the turn-on and threshold fields were
2.1 and 2.4 V/μm, respectively). The largest emission current could reach 70 mA/cm2. The emission current was
stable, and no obvious deterioration was observed during the long-term stability test of 50 h. The results were
relevant for practical applications based on CNTs.
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Background
Field emission is a quantum mechanical tunneling
phenomenon. Electrons in the materials can emit into
vacuum from solid surface which is determined by the
strength of local electric field and potential barrier to
emission. Field emission occurs from a cold cathode at
room temperature which is more power efficient than
thermionic emission [1]. Field emission is widely used
in many kinds of vacuum electronic applications such
as flat panel displays, microwave power tubes, electron
sources, and electron-beam lithography. However, high
local filed is required to obtain useful current. In order
to reduce the extraction voltage, field emitters with
sharp protruding microstructures can be used such as
Spindt tip cathodes [2, 3], silicon tips [4, 5], and carbon-
based materials [6–9]. Carbon nanotube (CNT) has
been recognized as an ideal candidate material for field
emission applications due to its unique structure and
remarkable mechanical, electrical, and chemical stabil-
ity. Furthermore, the small tip radius and high aspect
ratio of CNT can result in electron emission at extra-
ordinary low-threshold electric field and obtain a high-
field enhancement factor. Since the first field emission
behavior of CNT reported in 1995, many works showed
that the CNT emitters exhibited excellent field emission
properties [10–15].
The electron emission of CNTs is originated from the
tip of the nanotubes because the electrons located at the
tips can easily participate in the field emission [16, 17].
Furthermore, the aligned CNTs with uniform length
exhibit better field emission properties than random
arrangement ones [18]. The CNT arrays can fulfill the
requirements for field emission and manipulated as field
emission devices directly. Thus, CNTs had better be
vertically aligned and oriented toward an anode. Ver-
tically aligned CNTs can be synthesized by chemical
vapor deposition methods (CVD). The CVD methods
are ideally suited to prepare CNT films on various
substrates, and the process can be assisted by micro-
wave of radio frequency plasma [19–22].
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As CNTs are capable of emitting efficient high cur-
rents, they are potential as emitters in various devices
[23, 24]. But nevertheless, the emission densities and
short emission lifetimes present obstacles for the practic-
ally available electron field emitters based on CNTs. The
challenge is to improve the field emission properties of
CNTs. It is found that the applied external field is
strongly screened when the spacing distance is shorter
than the length of the carbon nanotubes [25]. In order
to reduce the screen effect, patterning CNT is an effi-
cient method. In this work, the CNT emitters were
fabricated using radio frequency plasma-enhanced chem-
ical vapor deposition (PECVD) method on patterned Si
substrate. The vertically aligned CNTarrays showed good
field emission properties with high emission current and
ultra-long-term emission stability which were better than
other reported patterned vertical CNTs [26–28].
Methods
The prerequisite to make CNTs as electron emitters is
to apply them in patterns onto the substrate. Patterned
shapes can be accurately prepared and periodically
arranged on various substrates by lithography. Figure 1
outlined the lithographic and catalyst deposition process
of Si substrate. After ultrasonic cleaning using acetone
and alcohol and washing by de-ionized water, low-
resistance Si wafers were patterned by a series of tech-
niques (Fig. 1a). Then, Fe thin film with a thickness of
0.8 nm and an Al2O3 film thickness of 20 nm were
deposited on Si substrate by electron beam evapor-
ation. The thickness of the film was controlled by the
deposition time. Al2O3 film was used as an intermediate
buffer layer to create roughness and an environment
for catalyst nucleation sites. Furthermore, it also could
prevent the catalyst from agglomeration effectively [29].
The honeycomb-like patterned catalysts were achieved by
removing the photoresist using acetone. Figure 1b showed
field emission scanning electronic microscope (FESEM)
image of the uniform patterned Si substrate. The side
length of each hexagon and the distance between hexa-
gons were 2.5 and 1.5 μm, respectively. The lithography
depth of the substrate was about 200 nm as shown in
Fig. 1c. In this work, CNTs were prepared by radio
frequency PECVD utilizing mixing gases of acetylene
(C2H2) and hydrogen (H2). Before the deposition, the
vacuum chamber was pumped down to 0.1 Pa. The
substrate with catalyst films was heated to 700 °C and
processed a pretreatment for 5 min. To be specific, the
pretreatment was performed by H2 plasma at 200 Pa, the
H2 gas flow rate was 140 sccm, and the input radio fre-
quency power was 50 W. This process was to remove the
oxide catalyst surface and form catalyst nanoparticles
acting as a nucleation site for CNT growth. After pretreat-
ment, the CNTs were prepared by H2/C2H2 plasma under
the same pressure at 750 °C. Different H2/C2H2 gas flow
rate ratio was used to discuss its effect on CNT growth.
The gas flow rate was controlled by mass-flow controllers.
In each run, the radio frequency power was input at a
constant value of 100 W for 10 min.
The surface morphology of samples was observed by
FESEM (JSM-6701 F). A transmission electron micros-
copy (TEM, F-30) with an accelerating voltage of 200 kV
Fig. 1 a Schematic process of the lithography and catalyst deposition. b FESEM images of the patterned Si substrate. c Cross-sectional view of
the substrate
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was used to characterize the microstructure of CNTs.
The microstructure was also investigated by micro-Raman
spectroscopy (JY-HR800 spectrometer, the excitation
wavelength of 532 nm). The field emission characteristics
of the films were measured in a chamber with high
vacuum better than 5 × 10−6 Pa using a parallel-plate-
electrode configuration. The distance between anode
and cathode was adjusted to 300 μm using a spiral
micrometer. The current-voltage (I–V) characteristics were
obtained by LabVIEW program through a Keithley 248
power source with a computer-controlled data-acquisition
card.
Results and Discussion
Figure 2a–c showed the top view FESEM images of
as-fabricated CNT distribution on patterned Fe/Al2O3
thin films with H2/C2H2 = 140/5 sccm. Uniform pat-
terned growth of the CNTs was clearly seen from the
low-magnification image (Fig. 2a). The CNTs were
well aligned perpendicular to the substrate with very
high density as shown in Fig. 2b, c. An observation of
Fig. 2c revealed that small quality of CNTs were gath-
ered at the top. And it seemed that the CNTs at the
outer edge were a few longer than the center part
which may due to the faster growth rate [30]. As the
size of catalyst metal could affect the growth rate of
CNT [31], the grain size of the catalyst may different
in the substrate during the processing procedure. The
tubular structure of CNTs was verified by TEM ob-
servation (Fig. 2d). The multi-walled CNTs displayed
uniform diameters of about 5 nm as shown in Fig. 2e.
In general, the carbon precursors are decomposed in
high temperature and diffused through the catalyst
particles to form a carbon-metal alloy. Then the
tubular structures can be formed with the catalysts
either at the base or top [32]. Figure 2f showed a view of
typical CNT which contained a catalyst particle. The
results also indicated that the fabrication of a single CNT
was from a catalyst island.
The CNTs were in alignment on the substrate as
shown in the cross-sectional view of FESEM images
(Fig. 3). It was obvious that the CNTs grown with differ-
ent H2/C2H2 mixture ratio changed a lot especially the
length. As the ratio that changed from 140/2 to 180/10,
the lengths of CNTs were approximately 5.23, 8.8, 9.6,
and 12.3 μm, respectively. The CNT growth rate was
increased due to more carbon concentration in H2 radi-
cals. In general, the H2 can control the deposition rate
of hydrocarbon and etch the amorphous carbon which
may deposit on top of the catalyst so that catalyst activ-
ity can be maintained during the CNT growth [33]. The
balance of carbon and hydrogen radicals was crucial for
CNT growth [34].
Raman spectra of the CNTs grown with different
H2/C2H2 mixture ratio were shown in Fig. 4. In Raman
spectra of carbon materials, the strong band at about
1350–1360 cm−1 is attributed to the typical D band
assigned to the disorder-induced phonon mode [35]; G
band (E2g) oriented from the in-plane vibrational mode
located at about 1580–1590 cm−1 indicating the formation
of graphitized structure [36]. In this work, the strong D
band at 1344 cm−1 indicated the defects and impur-
ities of atoms in CNTs. Herein, the sharp G band with
lower intensity relatively to the D band was located at
1600 cm−1 which also showed the disorder graphitized
structures [37–39]. Seen from Fig. 4, the fraction ratio
of the intensity of the D band to G band (ID/IG) had
slightly changed with the H2/C2H2 mixture ratio. Al-
though CNT growth depended on the H2/C2H2 mixture
ratio, the microstructure of CNTs did not change a lot.
Fig. 2 a–c FESEM images of vertically aligned CNTs grown on the patterned substrate with different magnifications. TEM images of d the CNTs.
e The individual CNT showed multi-walled structure. f CNT with catalyst
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The other three peaks located at 2693 (2D), 2930 (D +G),
and 3215 cm−1 (2D’) were second-order Raman spectra
attributed to combinations of the Raman fundamentals.
These bands had also been observed in the Raman spectra
of highly ordered pyrolytic graphite [40].
The field emission characteristics of the CNTs were
investigated shown in Fig. 5. Figure 5a displayed the
relationship of emission current density (J) versus ap-
plied electric field (E). It seemed that the height of CNT
is a factor to influence the field emission characteristics.
Seen from Fig. 5a, the field emission properties were
increased with the height of the CNTs in a range.
However, the CNTs grown with H2/C2H2 = 140/5 sccm
exhibited the best compared to the other samples. The
turn-on and threshold fields (defined as the electric
field required to acquire the current density of 0.1
and 1 mA/cm2, respectively) were 2.1 and 2.4 V/μm,
respectively. The maximum current density of the CNTs
could reach 70 mA/cm2 (Fig. 5b) with testing repeatedly
which was higher than other reported works [26–28].
Fluctuation and drastic drop did not happen at higher
applied voltages which indicated the CNTs had a good
contact with the substrate and high-voltage endurance. It
could be seen that the CNTs with proper height would
benefit to their field emission properties. The field emis-
sion characteristics of the CNTs were also analyzed with
the Fowler-Nordheim (F-N) theory [41, 42]. The F-N
curve shown in Fig. 5c presented a nearly straight line
indicated the electron emission was controlled by the
tunneling effect. As the ratio that changed from 140/2 to
180/10, the field enhancement factors were 1891, 1966,
2714, and 2759, respectively. The CNTs had lower turn-
on field exhibited higher enhancement factor. However,
the turn-on field of CNT grown with H2/C2H2 = 140/
5 sccm is lower than the CNT grown with 180/10; they
had similar enhancement factor. The same phenomenon
was also appeared in other works [26, 28]. The field
enhancement factor β is strongly dependent on the
geometrical shape of the CNTs. More importantly,
the local state of the CNTs will also influence the
value of β [43].
The emission stability of a field emission electron
source is one of the key factors that affect its potential
application in vacuum electronic devices. The J-E curves
can only show transitory field emission phenomenon in
a short time and cannot reflect the field emission behav-
ior sufficiently. Figure 5d showed the looping testing of
the CNTs. The anode voltage was increased or decreased
by 30 V/step. Seen from loop testing with increased and
decreased voltage between 1.5 and 3.5 V μm−1 for 25
loops, there is no obvious deterioration of the maximum
current density. Before the looping testing with max-
imum current of about 20 mA/cm2, the current density
of 10 mA/cm2 was also tested with no deterioration.
Fig. 3 Cross-sectional view of CNTs prepared with different H2/C2H2 mixture ratio. The H2/C2H2 flow rates were a 140/2 sccm, b 160/5 sccm,
c 140/5 sccm, and d 180/10 sccm, respectively
Fig. 4 Raman spectra of the vertically aligned CNTs grown on
patterned substrates
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Figure 5e displayed the typical J-E curves for different
loops of the loop testing. The current density was rela-
tively stable both in the increased and decreased voltage
processes. During the increased or decreased voltage
process of the field emission testing, desorption and
adsorption of the gas molecules will change the work
function of CNT and probably lead to a phenomenon
of hysteresis [9, 44]. The hysteresis was unnoticeable
in this work indicated that desorption and adsorption
may reach an equilibrium state. Furthermore, the long-
term test of the sample exhibited good stability for
50 h (Fig. 5f ). When ionization vacuum gauge was
opened, the emission current increased abruptly during
the stability test as shown in the arrow pointed pos-
ition of Fig. 5f. The conditions in vacuum chamber
and the surface state of CNT emitters may change in
testing process which resulted in the rising of emission
current. All these achievements underlined the poten-
tial of CNT emitters in applications.
Conclusions
In summary, the vertically aligned CNTs were synthe-
sized on patterned substrates by PECVD. The field emis-
sion properties of CNTs were optimized with different
H2/C2H2 mixture ratios. The CNTs exhibited excellent
field emission characteristics with high current density
and good emission stability. In order to achieve practic-
ally available electron field emitters based on CNTs, we
should still focus on the enhancement of electron emis-
sion density and the structure design.
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Fig. 5 a Field emission behaviors of CNTs on patterned substrates grown at different H2/C2H2 mixture ratio. b Maximum current density test
of the CNTs grown with H2/C2H2 = 140/5 sccm. c The F-N plots. d The typical curves of the current density (J) varied with the testing time.
e The J-E curves of the CNT carried out with increased and decreased voltages of different loops. f Long-term stability curves of CNT emitters
grown H2/C2H2 = 140/5 sccm
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